Addition of hydroxyl radicals to the C8 position of 2 0 -deoxyguanosine generates an 8-hydroxyguanyl radical that can be converted into either 8-oxo-7,8-dihydro-2 0 -deoxyguanosine or N-(2-deoxy-D-pentofuranosyl)-N-(2,6-diamino-4-hydroxy-5-formamidopyrimidine) (Fapy-dG). The Fapy-dG adduct can adopt different conformations and in particular, can exist in an unnatural a anomeric configuration in addition to canonical b configuration. Previous studies reported that in 5 0 -TGN-3 0 sequences, Fapy-dG predominantly induced G ! T transversions in both mammalian cells and Escherichia coli, suggesting that mutations could be formed either via insertion of a dA opposite the 5 0 dT due to primer/template misalignment or as result of direct miscoding. To address this question, single-stranded vectors containing a site-specific Fapy-dG adduct were generated to vary the identity of the 5 0 nucleotide. Following vector replication in primate cells (COS7), complex mutation spectra were observed that included $3-5% G ! T transversions and $14-21% G ! A transitions. There was no correlation apparent between the identity of the 5 0 nucleotide and spectra of mutations. When conditions for vector preparation were modified to favor the b anomer, frequencies of both G ! T and G ! A substitutions were significantly reduced. Mutation frequencies in wild-type E. coli and a mutant deficient in damage-inducible DNA polymerases were significantly lower than detected in COS7 and spectra were dominated by deletions. Thus, mutagenic bypass of Fapy-dG can proceed via mechanisms that are different from the previously proposed primer/template misalignment or direct misinsertions of dA or dT opposite to the b anomer of FapydG. Environ. Mol. Mutagen. 58:182-189, 2017. V C 2017 Wiley Periodicals, Inc.
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INTRODUCTION
Reactive oxygen species (ROS) are recognized as an important contributor to mutagenesis, carcinogenesis, and aging, with oxidatively induced damage to the DNA bases or deoxyribose leading to a wide array of lesions (reviewed in Dizdaroglu et al. [2008] and Jena [2012] ). 8-Oxo-7,8-dihydro-2 0 -deoxyguanosine (8-oxo-dG) and N-(2-deoxy-D-pentofuranosyl)-N-(2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-dG) are two very common forms of DNA base damage generated by ROS that are produced in cells, particularly under conditions of chronic inflammation and following exposure to ionizing radiation or chemotherapeutic agents. These DNA adducts are formed through a common 8-hydroxyguanyl radical intermediate resulting from the formal addition of a hydroxyl radical to the C8 position of dG; 8-oxo-dG results from one-electron oxidation and Fapy-dG from one-electron reduction (reviewed in Dizdaroglu et al. [2008] , Greenberg [2012] , and Jena and Mishra [2012] ). Four possible pathways for Fapy-dG formation from 8-hydroxyguanyl radical were examined computationally; these analyses suggested an H-atom transfer, followed by ring-opening mechanism to be slightly more favorable than ring opening to a formimidic acid radical intermediate that undergoes subsequent tautomerization and reduction [Munk et al., 2007; Jena and Mishra, 2012] .
The Fapy-dG adduct exists as a complex mixture of interconverting conformers and isomers. In addition to the anti or syn conformations of the glycosidic bond, FapydG can also exist as a-and b-anomeric forms [Patro et al., 2004; B€ usch et al., 2008; Lukin et al., 2011; Jena and Mishra, 2013] , with the latter being predominant in duplex DNA [Patro et al., 2004; B€ usch et al., 2008] . Furthermore, rotation around the C5-N7 and N7-C8 bonds creates a mixture of Z and E formamido isomers that can adopt different rotameric states [Burgdorf and Carell, 2002; Lukin et al., 2011 Lukin et al., , 2012 Jena and Mishra, 2013; Jena et al., 2014] .
The mutagenic potential of the Fapy-dG adduct has been previously investigated in both mammalian [Kalam et al., 2006; Pande et al., 2015] and bacterial systems [Patro et al., 2007] . These studies revealed a dominance of G ! T transversions, similar to mutagenic signature of the 8-oxo-dG adduct [Shibutani et al., 1991; Kalam et al., 2006; Yuan et al., 2010; Pande et al., 2015] . Despite this similarity, the conformation of the nucleotide adducts in a replication complex during error-prone bypass could be different. Whereas both 8-oxo-dG [Krahn et al., 2003; Brieba et al., 2004; Hsu et al., 2004; Zang et al., 2006] and Fapy-dG (Fig. 1A) [Gehrke et al., 2013] remain in the anti conformation opposite to incoming dC, 8-oxo-dG assumes the syn conformation opposite to dA [Brieba et al., 2004; Hsu et al., 2004; Zang et al., 2006] . In contrast, a b-anomeric carbocyclic analog of Fapy-dG (b-cFapy-dG) has been shown to retain the anti conformation opposite to incoming dA at the active site of a high fidelity replicative polymerase Bst Pol I, with the adducted nucleobase possibly undergoing a keto-enol tautomerization in this complex (Fig. 1B) [Gehrke et al., 2013] . However, the binding patterns and energies of the anti-Fapy-G:A and syn-Fapy-G:A base pairs (Fig. 1C) were demonstrated to be similar and also close to those of the T:A base pair [Jena and Mishra, 2013] . The question whether the syn-Fapy-G:A base pair can be accommodated and subsequently extended in the replication complexes awaits further structural investigations.
All sequence contexts in prior mutagenesis studies [Kalam et al., 2006; Patro et al., 2007; Pande et al., 2015] contained a dT immediately 5 0 to the Fapy-dG adduct. This raises the possibility that these mutations could arise by insertion of dA opposite the 5 0 dT as the result of a one nucleotide primer/template misalignment, followed by realignment, and extension. Thus, the existing mutagenesis data are insufficient for supporting the direct miscoding models that have been proposed based on either the observation of dA opposite to b-cFapy-dG in the Bst Pol I active site [Gehrke et al., 2013] or the binding patterns and energies of the Fapy-G:A base pairs [Jena and Mishra, 2013] .
In addition to base substitutions, primer/template misaligned structures are known to cause frameshift mutations [Streisinger et al., 1966; Bloom et al., 1997; Efrati et al., 1997; Garcia-Diaz and Kunkel, 2006] . In this regard, we have previously measured the mutagenic potential of the 2,6-diamino-4-hydroxy-N 5 -methyl formamidopyrimidine (Me-Fapy-dG) adducts in primate cells (COS7) and determined that frameshift mutagenesis was highly dependent on local sequence context [Earley et al., 2013] . Although G ! T transversions represented the most common mutation in the majority of sequence contexts tested, single-and di-nucleotide deletions were observed in a subset of sequences at frequencies of $2-7%. Significant effects associated with changes in sequence contexts have also been previously described for DNA damage induced by treatment with hydrogen Environmental and Molecular Mutagenesis. DOI 10.1002/em peroxide in which frameshift mutagenesis was readily detected in microsatellite DNAs embedded within a blactamase reporter plasmid [Jackson et al., 1998 ]. Further, replication bypass of the pyrimido[1,2-a]purin-10(3H)-one-dG adduct formed by malondialdehyde, an endogenous product of oxidative stress, yielded low levels of frameshift mutations only in repetitive sequences [ VanderVeen et al., 2003] .
Given the significance of oxidatively-induced DNA damage in contributing to genomic instability, this study investigated the mutagenic properties of Fapy-dG to address the mechanisms of replication bypass of this lesion in COS7 cells and E. coli. The mutagenic outcome of replication was tested in the TXG and CXG (X 5 FapydG) sequence contexts. In addition, contribution to mutagenesis was evaluated for the two anomeric forms of this adduct.
MATERIALS AND METHODS

Oligodeoxynucleotides
Site-specifically modified 12-mer oligodeoxynucleotides 5 0 -gctagCXGgtcc-3 0 , 5 0 -gctagTXGgtcc-3 0 , and 5 0 -gctcgTXGgtcc-3 0 where X is Fapy-dG, were synthesized according to the method of Lukin et al. [2011] with modifications described in Supporting Information, Materials and Methods. The oligodeoxynucleotides containing dG at the X site and all other oligodeoxynucleotides were synthesized by Integrated DNA Technologies.
Construction of Site-Specifically Modified Vectors and Mutagenesis Assay
Construction of single-stranded vectors containing a site-specific Fapy-dG and mutagenesis assays in COS7 cells and E. coli were performed according to the published methods [Kanuri et al., 2002; Minko et al., 2008; Earley et al., 2013] . Treatment of lesion-containing vectors with Endo IV (New England Biolabs) was performed following recommendations of the supplier. The detailed protocols are provided in Supporting Information, Material and Methods.
RESULTS AND DISCUSSION
Synthesis and Characterization of Oligodeoxynucleotides Containing a Site-Specific Fapy-dG
Site-specifically modified 12-mer oligodeoxynucleotides were synthesized according to the method of Lukin et al. [2011] with modifications outlined in Supporting Information. Oligodeoxynucleotides were characterized by liquid chromatography-electrospray ionization mass spectrometry (Supporting Information, Figs. S1-S7) and analyzed by capillary and polyacrylamide gel electrophoreses. No contaminating species were found by either of these methods. The modified oligodeoxynucleotides were annealed to their respective complementary strands and tested by incubation with E. coli formamidopyrimidine glycosylase (Fpg). Consistent with the known activity of Fpg for removal of Fapy-dG, the modified 12-mer oligodeoxynucleotides were completely converted into 6-mer products (Supporting Information, Fig. S8 ).
Construction of Site-Specifically Modified Single-Stranded Vectors and Analyses for Mutations
To characterize the mutagenic properties of DNA adducts following replication of site-specifically modified single-stranded DNAs, we have constructed a pSBL vector using the pSB shuttle vector [Yoon et al., 2009 ] as starting material. The construction and detailed description of specific features of pSBL will be reported elsewhere. Relevant to this study, this vector can be isolated in a single-stranded form and replicated in both E. coli and SV40 large T antigen-competent primate cells. Selection of the individual pSB clones is provided by ampicillin-resistance gene. Following cleavage of singlestranded pSBL by EcoRV in the presence of a scaffold oligodeoxynucleotide, a gapped structure can be created for subsequent insertion of lesion-containing oligodeoxynucleotides. As an example, this approach is illustrated in Figure 2A for the 5 0 -gctagTXGgtcc-3 0 insert sequence. Progeny DNAs were analyzed for mutations using a combination of a differential hybridization technique and Sanger sequencing. The minimal set of hybridization probes for each sequence context included the oligodeoxynucleotide that matched the insert-vector junction ("insert" probe) and the oligodeoxynucleotide that was complementary to the insert-containing, nonmutated progeny vectors ("correct" probe). Additional probes were used to identify targeted base substitutions (Fig. 2B ).
Fapy-dG-Induced Mutagenesis in COS7 Cells
To address the effect of the 5 0 adjacent nucleotide on frequencies and spectra of Fapy-dG-induced mutations in COS7 cells, the two following sequences were initially analyzed: 5 0 -gctagTXGgtcc-3 0 and 5 0 -gctagCXGgtcc-3 0 . Following replication of nondamaged vectors that contained these sequences, three out of 459 clones that hybridized with the "insert" probe showed no interactions with the "correct" probes. The subsequent analyses by Sanger sequencing identified deletions of a G in two of these clones and one complex sequence alteration (Table  I) . We attribute this result to the presence of contaminating DNA species in the initial synthetic oligodeoxynucleotides, although the possibility of replication errors cannot be excluded.
Next, mutations were analyzed following replication of vectors that contained Fapy-dG in the above sequences. The initial results of hybridization of the 5 0 -gctagTXGgtcc-3 0 sequence context revealed that out of 96 clones tested, 70 clones had no mutations in the insert sequences and 3 clones contained the targeted G ! T substitutions ( Supporting Information, Fig. S9 ). In addition to Environmental and Molecular Mutagenesis. DOI 10.1002/em these, 21 clones hybridized with the "insert" probe, but did not hybridize with either the "correct" probe or the probe identifying G ! T transversions. These DNAs were isolated and subjected to Sanger sequencing. These data demonstrated that the most common mutation was G ! A transition (17 clones). Thus, the "G ! A" probes were designed for this and other sequences and used in all subsequent experiments. The data in Table I show the results obtained from three independent transfections of COS7 cells. In both sequence contexts, G ! A transitions were most common ($21 and 15% in the 5 0 -gctagTXGgtcc-3 0 and 5 0 -gctagCXGgtcc-3 0 context, respectively). G ! T transversions were detected at comparable, $5% frequencies, while the frequencies of G ! C transversions were slightly higher when dC was 5 0 to the adduct. Having observed high frequencies of G ! A transitions in the above sequence contexts, we considered the possibility of a primer/template misalignment mechanism that could lead to these mutations. Specifically, we speculated that following incorporation of a dC immediately upstream of Fapy-dG (5 0 -gctagTXGgtcc-3 0 ), the primer terminus would pair with the dG two nucleotides downstream (5 0 -gctagTXGgtcc-3 0 ) creating a three-nucleotide bulge in the template. Insertion of dT opposite dA (5 0 -gctagTXGgtcc-3 0 ) followed by realignment of the primer terminus opposite the Fapy-dG and subsequent extension would complete this mutagenic bypass. To test this hypothetical scenario, the insert sequence was redesigned to contain dC instead of dA at the third position 5 0 to the lesion site, and mutagenesis assessed following two independent transfections. In this sequence context, the mutagenic spectrum was also dominated by G ! A transitions ($14%) (Table I) . Thus, the data support a direct misinsertion model rather than the proposed primer/template misalignment-realignment mechanism.
Mutagenic Properties of Anomeric Forms of Fapy-dG
Due to the propensity of Fapy-dG to convert into the a anomer in single-stranded DNA, chemical syntheses produce oligodeoxynucleotides that contain a mixture of the a and b forms of this adduct [Haraguchi et al., 2002; Lukin et al., 2011] . These mixed synthetic DNA fragments have been utilized in all prior studies addressing the mutagenic properties of Fapy-dG [Kalam et al., 2006; Patro et al., 2007; Pande et al., 2015] and in our analyses described above. However, there are several lines of evidence exist suggesting differential effects of two anomeric species on mutagenic outcome of replication. De los Santos et al. investigated the differential impact of anomeric species on DNA properties following postsynthetic resolution of the isomeric components of Fapy-dGcontaining oligodeoxynucleotides [Lukin et al., 2011] . When placed opposite to dC in duplex DNA, both anomeric species decreased thermal DNA stability relative to that of the nondamaged counterpart, with a significantly Environmental and Molecular Mutagenesis. DOI 10.1002/em greater effect observed for the a anomer. To dissect the differences between the a and b forms, several studies utilized stabilized analogs of Fapy-dG. These investigations demonstrated that the b anomer preferred a dC as the pairing partner in duplex DNA and modestly inhibited DNA synthesis in vitro [Ober et al., 2005; Weledji et al., 2008; B€ usch et al., 2008; Gehrke et al., 2013] . This was in contrast to the a anomer that strongly destabilized DNA structure regardless of the opposing nucleotide, and represented a nearly complete block to all DNA polymerases examined, including low-fidelity Dpo4 and pol h [B€ usch et al., 2008] . Regarding the potential impact on mutagenesis, a low level of dA misinsertions was observed opposite to b-cFapy-dG in Bst Pol I-catalyzed reactions [Gehrke et al., 2013] . Collectively, these data may suggest that the a anomer is a cytotoxic lesion, with no or only a minor role in mutagenesis, whereas the b anomer could be primarily responsible for Fapy-dGinduced mutations, particularly G ! T transversions. However, a conformationally fixed analog of b-Fapy-dG was essentially nonmutagenic in E. coli [Weledji et al., 2008] . It is worth noting that the highest frequency of G ! T transversions observed for native Fapy-dG in E. coli was <2% [Patro et al., 2007] .
The anomeric ratio of Fapy-dG in duplex DNA has been previously probed using E. coli Endo IV [Patro et al., 2004] , an endonuclease that selectively incises the 5 0 -phosphodiester bond of a-deoxynucleotides [Ide et al., 1994; Ishchenko et al., 2004; Christov et al., 2010 Christov et al., , 2014 , in addition to incision of abasic sites. These data suggested that the Fapy-dG lesion exists almost exclusively as b anomer in duplex DNA. Based on these previous studies, an experimental approach was designed for evaluating the contributions to mutagenesis of two anomeric forms of this adduct.
Following insertion of Fapy-dG-containing sequences into single-stranded vectors ( Fig. 2A) , aliquots of these were stored with scaffold oligodeoxynucleotides being intact. Since a double-stranded environment was preserved in the region encompassing the lesion site, it was anticipated that the b anomeric configuration was greatly favored under these conditions. Immediately prior to transfection into COS7 cells, vector DNA was incubated with Endo IV to eliminate the residual a species, and scaffold oligodeoxynucleotides were degraded as usual. The adduct was positioned in the 5 0 -gctagCXGgtcc-3 0 sequence context in this set of experiments. Data were collected from three independent transfections, with a total of 236 individual clones tested. The above manipulations had a significant impact on mutagenic outcome of replication (Fig. 3) , with the overall frequency of targeted mutations reduced approximately two-fold (10.3 vs. 23.0%, P 5 0.023), the frequencies of G ! T transversions reduced approximately six-fold (0.8 vs. 5.0%; P 5 0.045), and G ! A transitions reduced approximately two-fold (6.1 vs. 14.5%; P 5 0.014). Thus, at least a subset of Fapy-dG-induced mutations in COS7 cells was due to error-prone bypass of its a anomeric form.
Proposed Models of Replication Bypass of Fapy-dG in Mammalian Cells
This study was designed to provide the biological support for existing models of replication bypass of the Fapy-dG adduct. In agreement with results of prior investigations [Kalam et al., 2006; Pande et al., 2015] , the majority of bypass events were error-free in mammalian cells. Although experimental data are currently available only for a bacterial DNA polymerase, Bst Pol I, that was co-crystallized with DNA template containing the model b-cFapy-dG adduct [Gehrke et al., 2013] , it is very likely that a structurally similar pair, with the adducted base assuming the anti conformation (Fig. 1A) , can be formed and extended in active sites of mammalian DNA polymerases.
A subset of Me-Fapy-dG-induced mutations that were observed in COS7 cells in our prior study [Earley et al., 2013] could be explained by a primer/template misalignment, with the 5 0 neighboring nucleotide modulating the mutagenic outcome. We hypothesized that replication bypass of Fapy-dG could proceed via a similar mechanism, which would explain the origin of G ! T transversions, commonly generated by this adduct in the 5 0 -TXN-3 0 sequence contexts [Kalam et al., 2006; Pande et al., 2015] . In the 5 0 -CXG-3 0 sequence tested in this study, G Fig. 3 . Modulation of mutagenic properties of Fapy-dG in COS7 cells following enrichment with the b anomer. The ligated vectors containing Fapy-dG in the 5 0 -CXG-3 0 sequence context were incubated with Endo IV in the presence of the scaffolding oligodeoxynucleotides. Following treatment, the scaffolding oligodeoxynucleotides were degraded and vectors were immediately transfected into COS7 cells. The mean frequencies of mutations with corresponding standard errors were calculated from three independent experiments using KaleidaGraph 4.1 software (Synergy software). The P values were calculated using Student's t-test. The asterisk indicates significant difference (P < 0.05) between untreated and treated conditions. Environmental and Molecular Mutagenesis. DOI 10.1002/em ! T transversions were formed at $5% frequency (Table I) . The occurrence of these mutations in the given context essentially rules out the possibility that a primer/template misalignment was the underlying mechanism. Furthermore, the frequencies of G ! T transversions in the 5 0 -TXG-3 0 sequences were comparable to that observed in the 5 0 -CXG-3 0 sequence (Table I) . Thus, these data argue for the existence of alternative mechanisms leading to G ! T transversions, and these are discussed below.
The G ! T transversions could be the result of direct dA misinsertions opposite to Fapy-dG, as proposed by Carell et al., (Fig. 1B) [Gehrke et al., 2013] and Jena with Mishra (Fig. 1C) [Jena and Mishra, 2013] . However, since the enrichment with the b anomer resulted in decreased frequencies of G ! T transversions (Fig. 3) , we infer that the aforementioned models may account only for a fraction of such substitutions. Due to the lack of experimental data, the structure of the a anomer during replication can only be a matter of speculation. One possibility to consider is that the adducted base could be in a configuration allowing the noninstructive dA incorporation. This mechanism would be conceptually similar to default incorporation of dA opposite abasic sites [Efrati et al., 1997; Avkin et al., 2002; Choi et al., 2010; Weerasooriya et al., 2014] , such that Fapy-dG in its a-anomeric form would be recognized by DNA polymerases as an abasic site.
In all three sequences examined in this study, G ! A transitions predominated in COS7 cells, being formed at frequencies of $14-21%. It is worth noting that although these mutations were not previously detected in COS7 with the adduct positioned in the 5 0 -TXT-3 0 or 5 0 -TXA-3 0 sequence [Kalam et al., 2006] , they occurred in three out of four 5 0 -TXN-3 0 sequences at frequencies of $1-4% following vector replication in human HEK293T cells [Pande et al., 2015] . As mentioned earlier, b-cFapy-dG opposite dA in Bst Pol I active site was hypothesized to undergo a keto-enol tautomerization (Fig. 1B) [Gehrke et al., 2013] . However, computational analyzes have suggested that Fapy-dG in its enol form would favor pairing with dT (Fig. 1D ) over dA [Jena et al., 2014] , implicating the keto-enol tautomerization as a possible mechanism for generating G ! A transitions. Interestingly, the thermodynamic stability studies demonstrated that although the optimal base pairing partner for a stabilized analog of bFapy-dG was dC, the second best pairing interaction was observed with dT, not with dA [Ober et al., 2005] .
In addition to possibility of dT incorporation opposite the anti-enol-Fapy-dG (Fig. 1D) [Jena et al., 2014] , an alternative mechanism could involve formation of a reverse wobble base pair with the Fapy-dG being present in its a-anomeric configuration (Fig.1E ). This proposal would be consistent with the results of this study showing significant reduction in frequencies of G ! A transition following enrichment with the b anomer (Fig. 3) , and the data demonstrating that the a-dG lesion directed insertion of dT in $60% of bypass events in wild-type E. coli [Amato et al., 2015] .
Fapy-dG-Induced Mutagenesis in E. coli
The pSBL vectors containing Fapy-dG in the 5 0 -gctagCXGgtcc-3 0 sequence were replicated in wild-type E. coli (ZK126, W3110DlacU169tna-2) and the isogenic triple mutant, deficient in damage-inducible (SOS) DNA polymerases (SF2018, ZK126 polB::Spc r dinB::Kan . Following selection on ampicillin-containing plates, individual DNA clones were analyzed for mutations using a combination of differential hybridization and Sanger sequencing. The combined data that were obtained from the two independent vector preparations are shown in Table II . Consistent with the previously reported results [Patro et al., 2007] , replication bypass of Fapy-dG in E. coli was significantly more accurate than in COS7 cells and did not require SOS polymerases.
Thus, the adduct is weakly mutagenic in E. coli. Greenberg and colleagues demonstrated that in wild-type cells, Fapy-dG induced mutations at frequencies <2% [Patro et al., 2007] . The adduct was tested in four different 5 0 -TXN-3 0 sequence contexts, in which G ! T transversions were the only mutations detected. Although induction of the SOS response modestly increased the efficiency of replication of lesion-containing DNA, no effect on mutagenesis was observed. In the 5 0 -CXG-3 0 sequence context that was tested in this study, the levels of G ! T transversions were also low (< 1%); however, deletions of the target dG occurred in $2.5% of the bypass events. Both frequency and spectrum of mutations were not significantly altered in the SF2018 strain that is deficient in all three SOS polymerases. Collectively, these data suggest that in E. coli, at least one of the two major replicative polymerases, pol I or pol III, can catalyze relatively efficient bypass of Fapy-dG, predominantly producing the correct replication products. It is anticipated that the structure of the adduct opposite dC was as observed for b-cFapy-dG in the Bst Pol I active site (Fig. 1A ) [Gehrke et al., 2013] . Regarding the mechanisms of mutagenic bypass, the majority of mutations observed in E. coli could be Environmental and Molecular Mutagenesis. DOI 10.1002/em explained by formation of misaligned replication intermediates that, depending on the sequence context, would be manifested in dG deletions (5 0 -CXG-3 0 sequence) or G ! T transversions (5 0 -TXN-3 0 sequences). However, as Fapy-dG induces low, nearly background levels of mutations in E.coli, we recognize that there is a likelihood for misinterpretation of the data and that alternative experimental approaches could be more informative for understanding the mechanistic bases of the Fapy-dG mutagenicity in bacterial cells.
To summarize, this study emphasizes the complexity of processes associated with bypass of Fapy-dG. Our data, collectively with prior investigations on mutagenic properties of this adduct [Kalam et al., 2006; Patro et al., 2007; Pande et al., 2015] suggest that several factors, including sequence context, single-stranded versus double-stranded DNA structure, and chemical environment, can modulate the equilibrium between various conformational and isomeric forms of Fapy-dG that in turn, will differentially facilitate the formation of the extendable matched or variously mismatched base pairs. Further computational, structural, and biochemical analyses will provide an insight into mechanisms of replication bypass of the Fapy-dG adduct and in particular, will address the following questions. (i) Is keto-enol tautomerization a possible mechanism for induction of G ! A transitions? (ii) What is the structure of replication intermediates that are formed when the adduct enters the replication fork in its a-anomeric form? (iii) Which DNA polymerases are involved in mutagenic bypass of either anomer? In this regard, Basu et al. demonstrated that depletion of pol k from human cells resulted in decreased frequencies of Fapy-dG-induced G ! T transversions, but increased frequencies of dinucleotide deletions [Pande et al., 2015] . (iv) Can the lower potential of Fapy-dG in E. coli relative to mammalian cells be explained by differential processing of the a anomer in these two biological systems? We hypothesize that the a anomer cannot be efficiently bypassed by the bacterial replication machinery and thus, has no or only a very limited role in Fapy-dG-induced mutagenesis. Such an assumption agrees with the data showing that under normal growth conditions, the a-dG lesion severely blocked replication of site-specifically modified vector DNA in E. coli [Amato et al., 2015] . In contrast, mammalian cells, which have a significantly wider arsenal of DNA polymerases [Goodman and Woodgate, 2013] , are hypothesized to be capable of more efficient bypass of the a-anomeric species, but as suggested by the results of this study, this bypass proceeds at expense of increased mutagenesis.
